We propose a new rapid procedure for determining the energy magnitude Me for shallow events from broadband teleseismic P-wave signals within the distance range 20°-98°. To accomplish this task, we compute spectral amplitude decay functions for different periods using numerical simulations based on the reference Earth model AK135Q. By means of these functions, we correct the spectra of the teleseismic recordings for the propagation path effects, and calculate the radiated seismic energy E S , and hence Me. We use cumulative P-wave windows for simulating a real-or near real-time procedure and test it for 61 shallow earthquakes. The results show that our approach is able to provide a rapid and reliable Me determination within 7-15 minutes after the earthquake origin time, and is therefore suitable for implementation in rapid response systems.
Introduction
The event magnitude, as a measure of "earthquake size", is a parameter of fundamental importance for characterizing seismic events and it must be available in a short time after the earthquake origin time (OT) to evaluate its damage potential and to guide rapid response activities.
Over the past decades many magnitude scales have been developed that often emphasize a specific feature of the earthquake process, and, consequently, have a different meaning. The energy magnitude Me is related to a well-defined physical parameter of the seismic source, i.e., the radiated seismic energy E S . The energy radiated by an earthquake as seismic waves is concentrated around the corner frequency of the source spectrum and this makes Me more suitable than the moment magnitude Mw in describing the damage potential of earthquakes (Boatwright and Choy, 1986; Bormann et al., 2002; Choy and Kirby, 2004) . Mw is related to the low-frequency asymptote of the source spectrum and describes the overall tectonic effect of the seismic source, whereas Me is calculated over a larger frequency range of the source spectrum that is more related to frequencies of engineering interest.
Since Me is a better estimator of the shaking damage potential, a rapid and robust procedure suitable for implementation in rapid response systems to determine Me shortly after OT needs to be developed. In this study we describe a new procedure to determine Me for shallow earthquakes by using broadband teleseismic recordings of P-waves in the distance range 20°-98°. The correction for the wave propagation effects is performed by using spectral amplitude decay functions derived from numerical simulation of Green's functions, and Me is computed for cumulative P-wave windows up to the S-wave arrival. We show that our procedure is flexible and is able to rapidly and robustly determine Me even for great earthquakes, such as the 26 December, 2004 Sumatra earthquake. We analyzed 61 earthquakes (source parameters listed in Table I ) in the Mw range 6.0-9.3 using recordings of broadband stations managed by global networks (GEOFON, IRIS, GEOSCOPE), as well as regional networks. Finally, we compare our Me with the Me computed by the USGS and with the Mw determined by Harvard University.
Correction for the propagation effects
One of the most challenging aspects of the calculation of the energy radiated by a seismic source is the correction for the geometrical spreading and for frequency-dependent attenuation. Therefore, to calculate E S from a seismogram, the energy loss experienced by the seismic waves during propagation must be recovered. For this purpose, we must compute spectral amplitude decay functions for different frequencies that can be applied to the whole Earth, since our procedure is intended to serve global seismic network centers. Therefore, the calculation of these functions has been performed by using the reference Earth model AK135Q (Kennett et al., 1995; Montagner and Kennett, 1996) and the Green's functions simulation code by Wang (1999) . The advantage of using synthetic seismograms is the fact that, starting from a known point source function, we can account for all propagation effects at different frequencies. We computed teleseismic (source depth 33 km) P-wave seismograms in increments of 1° in the distance range 20°-35°, and steps of 2.5° from 35° onwards. For the distance range 20°-35° we use denser spatial sampling because P-waves observed in this range are strongly affected by the significant variations in velocity and attenuation in the upper mantle and transition zone. The use of stations between 20°-30° is empirically justified since no bias is introduced in our final Me determination including stations in this distance range, but at the same time we can launch earlier our procedure. From the simulated time series the amplitude decay functions have been derived as follows: for each simulated distance, the Fourier spectra of the P-wave trains have been computed and, then, the spectral amplitude decay at each distance at a given period has been extracted. We also investigated the influence on the amplitude decay functions of different phases (like PP) arriving between the first P and S wave arrivals, but no significant changes in the functions have been observed.
In order to assess the influence of the source mechanism used to generate the synthetic waveforms, we simulated, for each distance, a set of time series resulting from many combinations of focal parameters, and computed the median, the 25 th and the 75 th percentile of the amplitude decay functions at each distance. The frequency dependence of the amplitude decay functions in Fig. 1 is highlighted by plotting them for periods between 1 s and 16 s in increments of one octave (Duda and Yanovskaya, 1993) . As expected, Fig. 1 clearly shows that the amplitude decay is higher for shorter periods, and that the difference between the functions for longer periods gets progressively smaller, with the percentile ranges for 8 s and 16 s already overlapping.
In practice, to correct the velocity spectra recorded at the seismic stations, we use the median amplitude decay functions for periods between 1 s and 60 s in steps of 1/3 of one octave, so that an adequate number of frequencies is available when the integration of the corrected power velocity spectra is executed. To average out the source radiation pattern, we use seismic stations which assure a good azimuthal coverage around the source. The correction is truncated at 1 s since the Q model was obtained from data in the significant period between 1 -3000 s only (Montagner and Kennett, 1966) . For shorter periods the decay functions are not reliable. This lower limit in the integration means that, at the present time, our procedure is applicable to earthquakes with a magnitude greater than about 5.8-6, but it does not limit our energy determination, since strong to great earthquakes have corner frequencies falling inside the frequency band where the correction is applied. Moreover, a detailed analysis of the data set at hand showed that above 1 Hz the signal-tonoise ratio (SNR) is very poor, limiting the use of such high frequencies.
E S and Me determination
The energy released as elastic waves is proportional to the square of the ground motion velocity. Assuming a point source and averaging over a spherical surface around the source, E S can be calculated from the vertical component of teleseismic P-wave records as follows:
where α, β, and ρ represent the P-wave velocity, the S-wave velocity and the density at the seismic source, respectively, f1 and f2 are the minimum and the maximum cutoff frequencies of the integration, represents the P-wave velocity spectrum, the Green's functions spectrum and f the frequency (Haskell, 1964; Purcaru and Berckhemer, 1978; Boatwright and Choy, 1986; Venkataraman and Kanamori, 2004) . Once E To make our procedure suitable for implementation in rapid response systems and to take into account the effect of the rupture duration, we compute E S and Me starting with a 4 s window length after the first P-wave arrival, and increasing it continuously until the S-wave arrival (timevariable cumulative energy windows), which resembles the cumulative body-wave magnitude of Bormann and Wylegalla (2005) . Fig. 2 illustrates how our procedure works. For this event of Mw 6.5 (# 17 in Table I ) a stable E S determination is obtained about 30 s after the P-wave onset. This time window would be long enough to cover the entire rupture duration. Therefore, a longer time window would not significantly increase the calculated E S value. This also means that our Me determination can be obtained before the S-wave arrival if the rupture duration is shorter than the S-P time window. At best reliable Me determinations can be available about 7 min after OT using stations between 20° and 30°. This is not the case for extremely large earthquakes, such as the recent 26 December, 2004 Sumatra earthquake, for which the rupture duration was about 500 s (Ni et al., 2005) . But even in such an extreme case our procedure could have yielded a stable Me already some 15 min after OT (Fig. 3) , because the major energy release occurred within the first 250 s of the rupture process (Choy and Boatwright, 2007) . Therefore, our result is in good agreement with the final Me determination by the USGS (see black diamond in Fig. 4 ). Table I , we take the average of the single station Me determinations. We used recordings with SNR ≥ 3 in the frequency band of our interest. between Me(GFZ) and Me(USGS) are relatively small, although Me(GFZ) is on average 0.17 magnitude units (m.u.) larger than Me(USGS) for Me < 8. This may be due to the use of different attenuation corrections or corrections for specific focal mechanism, which have been applied to the final Me(USGS) values but not to our data. Further, the S-P time window used in our analysis is long compared with the rupture duration for Me < 8. The overestimation ranges from being negligible to 0.2 m.u. in the worst case scenario (Choy and Boatwright, 2007) . Nevertheless, our Me is sufficiently accurate for rapid response purposes and a thorough investigation of the Me(GFZ)-Me(USGS) differences will be the subject of further studies. The comparison Me(GFZ)-Mw(HRV) shows that their difference can be up to about one m.u. This is due to the sensitivity of Me to changes in stress drop and related shifts in the corner period of the source spectrum. In contrast, Mw is based on the assumption of constant stress drop and thus a constant E S /M 0 ratio.
As final Me values for the earthquakes listed in
Global events for different focal mechanisms, however, show stress drop variations of about three orders of magnitude (Choy and Boatwright, 1995; Bormann et al., 2002; Choy and Kirby, 2004) .
This highlights the need for determining both Me and Mw to better assess the hazard potential of an earthquake .
Conclusions
We present a rapid and robust procedure to calculate Me in a short time after OT using Pwaves of teleseismic seismograms in the distance range 20°-98°. The correction for the propagation path effects is accomplished by applying spectral amplitude decay functions for different periods, that have been computed using numerical simulations of Green's functions based on the reference Earth model AK135Q. Our procedure avoids the problem of the time window saturation effect in magnitude determination (Bormann et al., 2007) and can be implemented in rapid response systems since it allows to properly determine Me within minutes of the first P-wave arrival, even for great earthquakes with very long rupture duration, such as the 26 December, 2004 Sumatra earthquake.
We applied our procedure to 61 recent earthquakes and showed that our Me determinations agree on average reasonably well with the more formal and accurate but slower Me determined by the USGS. Some still existing discrepancies will be the subject of further studies. Finally, the comparison of Me(GFZ) with Mw(HRV) shows that these two magnitude scales, as measures of two different aspects of the seismic source, should be used together to better evaluate the tsunami and the shaking potential of strong and great earthquakes. 
